The rapid progress in PET technology has cre ated the dilemma of how to compare data from old and new tomographs. We examined cerebral metabolic data from two scanners, with different spatial resolutions and methods of attenuation correction, to see if metabolic val ues from the lower-resolution tomograph (ECA T II) could be adjusted to make them comparable to data from the higher-resolution scanner (Scanditronix PCI024-7B). Nine subjects were scanned on both tomographs after a single injection of [18Fj2-fluoro-2-deoxY-D-glucose. Re gional and lobar gray matter metabolic rates for glucose were obtained from comparable images from each scan ner. Ratios of lobar to global gray matter metabolism also were calculated. Regression coefficients and percent dif ferences were computed to compare ECAT II and
The technological aspects of positron emISSIOn tomography (PET) have evolved rapidly in the last decade, making it likely that an upgrade to a state of-the-art tomograph will occur during the life of an ongoing research project. If this project is a longi tudinal one, the investigators are faced with the problem of how to compare "old" data with "new" data on the same subjects. In our laboratory, we have been conducting longitudinal studies of cere bral glucose metabolism in healthy aging and dis eases of aging since 1981. In 1986, we encountered the situation described above when the NIH PET program replaced the ECAT II tomograph (Ortec, Oak Ridge, TN) (Williams et aI., 1979) with a Scan ditronix PC I024-7B (Scanditronix, U ppsala, Swe den) (Daube-Witherspoon et aI., 1987) .
The most obvious difference between the two A57 PC1024 data. Two-thirds of the region pairs showed sig nificant regressions, although percent differences were quite variable, with measures of glucose utilization rang ing from 30 to 120% higher on the PC1024 compared to those from the ECAT II. Comparisons of lobar glucose rates between the two machines were less variable (50 to 80%), and ratios differed by only ±5% (except for the temporal ratios). Since there was no simple and consis tent relationship between regional metabolic rates on the two tomographs, an overall adjustment of regional ECAT values for comparison to PC 1024 values would be impos sible. A region-by-region adjustment would be necessary. Lobar ratios are sufficiently similar that direct compari sons might be possible. Key Words: PET-Cerebral met abolic glucose rate-Scanners-Comparison. positron cameras is the increased spatial resolution of the PCI024, resulting in increased recovery co efficients, particularly for smaller brain regions, and decreased partial volume effects of CSF and white matter compared with the ECAT II. The PCI024 is a brain scanner with four rings of bismuth ger man ate (BGO) and gadolinium orthosilicate (GSO) crystals (1,024 in all) , and a transverse field of view that is 26 cm in diameter. The transverse resolution of the PCI024 is 6 mm for both straight and cross slices, and the axial resolution is 11 and 8 mm for straight and cross slices, respectively, in the center of the field of view. The ECAT II, a whole body tomograph with a single ring of 66 Nal crystals, has in-plane and axial resolutions of 17 mm in the center of the field of view, which is 50 cm in diameter. In addition to improving resolution, the multi slice ca pability of the PCI024 reduces scanning time, thus reducing the influence of k4 on the calculated met abolic rate (Huang et aI., 1980) , and facilitating the performance of transmission scans for attenuation correction. The PC1024 also has a better sensitivity than the ECAT II-20 and 25 kcounts/s/(,..., Ci/cc) for straight and cross slices, respectively, vs. 12 kcounts/s/(,..., Ci/cc ).
All of the above factors will influence the mea surements of regional metabolic rates for glucose (rCMR g lc) obtained from each machine, making it difficult to predict how metabolic rates obtained from one machine for a particular individual would compare to rates obtained on the same person using the other tomograph. Due to the longitudinal nature of our studies, we thought it important to compare metabolic rates obtained from the two machines on the same individuals to see if a systematic relation could be determined.
There are several ways to compare data from two tomographs. First, one could calculate the global increase in gray matter metabolism obtained with the higher-resolution tomograph and adjust the pre viously obtained regional values upwards. This pro cedure would be appropriate if there were a linear relationship between regional metabolic values from the two tomographs and the variation around the global mean difference was not too great. It also might be possible to track a change in rCMR g lc over time in a particular subject. If data from a group of subjects is obtained on both cameras, one could calculate the regression of PC 1024 values on ECAT values for each region. Using these equations, one could predict the value of rCMR g lc that would be expected from the new machine given the previ ously obtained value for an individual not included in the comparison group. If the new obtained value fell outside the confidence limits of prediction, then one could conclude that metabolism had signifi cantly changed. In addition to absolute rCMR g lc, normalized values (e.g., ratios) are routinely used in PET research (e.g., Duara et aI., 1984; Metter et aI., 1984; Baxter et aI., 1987; Mazziotta et aI., 1987; Grady et aI., 1988) . It is important, therefore, to determine if normalized values are similar on the two machines, and whether they are directly com parable, since normalization should remove the ef fect of any global shift in metabolism.
If one were interested only in the performance characteristics of the two tomographs, the appro priate comparative study would be to image a phan tom and make the data from the two tomographs as similar as possible, e.g., blurring the PC 1024 images to approximate the ECAT II resolution and using only calculated attenuation corrections, to deter mine the smallest obtainable difference in radioac tivity measurements between the two machines. However, we were more interested in this camera comparison from a practical point of view and thus wanted to compare the data that would be routinely obtained from the new technology to that obtained from the previous methods. Therefore, aside from the change in tomographs, we also instituted trans-J Cereb Blood Flow Metab, Vol. 11, Suppl. 1, 1991 mission scans for attenuation correction and devel oped new methods of regional analysis (described below) that are included in this comparison.
METHODS
Nine subjects participated in the study: seven healthy volunteers (three women and four men, ages 53-90 years) and two patients (both women, ages 72 and 78 years) with a diagnosis of probable Alzheimer's disease according to NINCDS-ADRDA criteria (McKhann et aI., 1984) . Sub jects were scanned on both tomographs on the same day. Catheters were placed in a radial artery for drawing blood samples and in an antecubital vein for injecting the iso tope. Subjects were first placed in the PC 1024, with their eyes covered and ears occluded. A line was drawn on the face to define the inferior orbitomeatal (10M) line, which was used to align the subject in each scanner. Subjects were placed in the PCI024 at 15 mm above the 10M line and a 10 min transmission scan obtained for attenuation correction. Immediately following the transmission scan, a bolus of 5 mCi of [18F12-fluoro-2-deoxY-D-glucose was injected. Forty-five minutes later, one 15 min scan of seven slices was obtained, with at least 2 million counts per slice. The subject then was moved to the ECA T II and the first scan was begun at 15 mm above the 10M line, approximately 60 min after the isotope injection. Seven slices were obtained on the ECAT II, with the length of each scan adjusted for isotope decay to obtain at least 750,000 counts/slice. The last ECAT scan was completed approximately 2 h after the injection.
The seven scans on the ECAT II were obtained at 14 mm steps, thus sampling 101 mm in the axial field of view. The emission data were reconstructed using the medium resolution filter and a calculated attenuation correction was applied to the emission data using an operator defined ellipse and a coefficient of 0.088 (Duara et aI., 1984) . The inters lice distance on the PC 1024 is 13.75 mm (center to center), thus including 92.5 mm in the axial field of view, slightly less than that of the ECAT. Emis sion data from the PC 1024 were reconstructed using a 4 mm Bohm filter and were corrected for attenuation using the transmission data. Arterial blood samples were ob tained throughout both scans and used for the measure ment of blood radioactivity and glucose concentration. Regional CMRglc values were calculated using nominal rate constants (Huang et aI., 1980) and one of two mod ifications of the operational equation of Sokoloff et aI.
( 1 977)-either the Huang equation (Huang et aI., 1980) for ECAT II data, or the Brooks equation (Brooks, 1982) for PCI024 data. These two equations provide essentially the same estimates of rCMRglc [±0.5%, (Brooks, 1982) ].
ECA T II data were analyzed using the method of Duara et al. (1984) . This method defines brain regions of interest (ROIs) anatomically by comparing the PET images to a standard brain atlas (Eycleshymer and Shoemaker, 1911) and outlining the entire region on the image (see Rumsey et aI., 1985 for an illustration of these regions). Mean rCMRglc values (weighted by number of pixels) were cal culated for each region over all slices in which it appeared (Duara et aI., 1984) . PCI024 data were analyzed using a template composed of 8 mm diameter circles (48 mm2) spaced evenly throughout the cortical ribbon and cen tered in subcortical regions. The template for each slice was placed over the matching slice for each subject and adjusted to fit. Regional metabolic rates were obtained by averaging rates in the circular regions that were included in the anatomical location of each ECA T region. For ex ample, in Fig. 1 , the regions defined as the right superior temporal, caudate, and thalamus are outlined on the ECAT image and the five circular regions on the Scan ditronix image that were averaged to obtain the right su perior temporal value, and the single circles for caudate and thalamus are indicated. Some of the smaller brain regions that are generally seen in only one slice, or re gions at the base of the brain, were not available in one or both scans for some individuals due to differences among subjects in the relationship of the brain to the 10M line. Thus, for some regions, the number of subjects available for statistical comparisons was less than nine (see Table  1 ). All scans were analyzed by the same individual to avoid problems of interrater reliability.
Statistical comparisons of rCMRglc from the two tomo graphs were made in two ways. First, in order to deter mine the extent of metabolic increase due to increased resolution, percent differences were calculated for the re gional values as [(S -Ej/E] x 100, where S is rCMRglc obtained from the PC 1024 and E is rCMRglc obtained from the comparable region on the ECAT II. Regression equations also were calculated for each region, regressing the PCI024 rCMRglc on rCMRglc from the ECAT II. Per cent differences and regressions also were computed for lobar metabolic rates, which consisted of the mean met abolic rate of all regions in the frontal, parietal, temporal, and occipital lobes bilaterally. For the analysis of normal ized metabolic values, we used ratios of lobar metabolism to a measure of global metabolism, defined as the mean of all gray matter regions in both hemispheres. Percent dif ferences and regression coefficients were computed on these ratios.
RESULTS
The results of the rCMR g lc comparisons are shown in Table 1 for both hemispheres. The meta bolic rates obtained from the PC1024 were higher than the corresponding values from the ECAT II, ranging from 30 to 122% higher, with a mean per cent difference of 65 ± 21 % (mean ± SD) in the right hemisphere and 60 ± 16% in the left. The whole brain metabolic rate was 29% higher on the PCI024. Twenty-four of the 36 pairs of rCMR g lc val ues had regression slopes significantly different from zero. The slopes of the regression equations ranged from -0.1 to 1.9 (mean ± SD, 1.0 ± 0.3 for the right hemisphere and 1.0 ± 0.4 for the left). There were four cortical regions that failed to show significant regressions in both hemispheres-orbital frontal, primary occipital, and both anterior and posterior medial temporal regions. Figure 2 shows a plot of PC 1024 rCMR g lc against ECAT II rCMR g lc for the right superior parietal re gion. The upper and lower 95% confidence limits for prediction are also shown. These data indicate that for a region, such as this one, where the scatter around the regression line is relatively small, one could use the regression equation to predict PCI024 results from ECA T II data for a given subject. For example, if a subject had a metabolic value of 6 mg 100 g-I min -I on the ECAT at time 1, a value of about 8 mg 100 g -1 min -1 would be expected from the PC 1024 at time 2 if no change in metabolism had occurred. However, if a parietal metabolic rate of 5 mg 100 g -1 min -1 or less were obtained at time 2, metabolism could be said to have declined signifi cantly, since a value this low falls below the lower 95% confidence limit of prediction for this region.
The lobar results are shown in Table 2 . PCI024 metabolic rates ranged from 50 to 80% higher than the ECAT II data (mean percent difference ± SD, 63 ± 13% for the right hemisphere and 59 ± 8% for the left), a range that was one-half that seen in the regional comparison. All but one region (right lat eral temporal) showed a significant regression. The slopes also showed a smaller range compared to the slopes of regional values, varying from 0.8 to 1.2 (mean ± SD, 1.0 ± 0.2 for the right hemisphere and 1.1 ± 0.1 for the left), and showed consistently small standard errors. The differences between the two sets of ratios ( than was found for absolute rCMR g Ic. The percent difference for the temporal ratios was somewhat larger, particularly the right temporal/mean-gray ra tio (16%). Two ratios had statistically significant re gressions ( Table 2 ). The left temporal/mean-gray and the left frontal/mean-gray ratios are shown in Fig. 3 to demonstrate the similar values of these ratios on both tomographs.
DISCUSSION
We found rCMR g Ic to be higher overall in data from the Scanditronix PC 1024 compared with the ECAT II, as one would expect given the increased resolution and recovery of radioactivity of the PC1024. The percent increase in rCMR g Ic was great est in those regions with the lowest values from the ECAT II, which probably were the ones most af fected by both partial volume artifact and inade quate attenuation correction, and thus underesti mated the most. For example, the medial temporal areas, which are small and surrounded by white matter and ventricle, are prone to partial volume errors, and are thus harder to image with low reso lution tomographs than are larger brain regions. Other regions, such as orbital frontal, are near thick areas of bone and would be undercorrected using a calculated attenuation coefficient. Therefore, the absence of a significant relationship between the two tomographs for such regions is due in large part to the greater inaccuracy in measuring these regions with the older technology. The use of two different ROI methods would have the effect of increasing the difference between metabolic values from the two tomographs, since outlining a region (as was done on the ECAT II data) would include radioactivity from surrounding tissue and increase the partial volume artifact, whereas sampling a small region of gray matter (as was done on the PC 1024 data) would reduce such an artifact. This effect of ROI methodologies might af fect small or thin regions more than large regions, since, in large regions, most of the radioactivity would be recovered by both tomographs (Hoffman et aI., 1979; Mazziotta et aI., 1981) and the estimate of rCMR g lc more similar regardless of the method of ROI analysis. Although some of the variability in percent difference between the two tomographs may be due to the ROI analyses, examination of Table 1 does not reveal any clear relationship be tween region size and percent difference.
There was no simple interaction between the complex structure of the brain and the differences in performance characteristics of the two tomo graphs. These results show clearly that for regional rCMR g lc values, the considerable variability in per cent difference (30% coefficient of variation) pre cludes the application of a single "correction factor" that can be applied to all ECA T II values to bring them into the range of values from the PCI024. Each regional value would need to be ad justed individually. Although some regions do not show a significant relationship between scanners, this would not necessarily mean that adjustment is impossible. For example, even with a slope near zero, one could use the regression equation to cal culate accurately the adjusted ECAT II metabolic rate from the PC 1024 value, as long as the standard errors of the parameter estimates were not large. However, the regions with nonsignificant slopes also tended to have larger standard errors, increas ing the uncertainty in using these estimates, and suggesting that these regions probably cannot be adjusted and compared between cameras. Using larger regions, such as lobes, resulted in less vari ability in all comparison measures. There would be less error in using the mean percent difference to adjust lobar rates, although there would be under estimation in the right temporal region, due to the somewhat larger percent difference seen in this re gion (Table 2) .
Another use of these data is in the determination of significant changes in metabolism obtained at fol low-up using the regression equation for each re gion or lobe. This would be feasible for many re gions, particularly those that are known to be af fected in Alzheimer's disease, such as the parietal, premotor, and superior temporal areas (Foster et aI., 1984; Friedland et aI., 1985; Duara et aI., 1986; Haxby et aI., 1986) . These regions show significant regressions between tomographs and reasonably small standard errors of the slopes in both hemi spheres, so that the confidence limits of prediction could be used to test for significant changes in lon gitudinal data.
Ratios of metabolism in large areas of cortex to mean gray-matter metabolism are sufficiently simi lar between tomographs (generally within ±5%) that these measurements could be compared di rectly, although again there would be somewhat more error in comparing the temporal regions. The temporal ratios are generally higher on the PCI024, due to the increased accuracy of measurement dis cussed above. However, as can be seen in Fig. 3 for the left frontal lobe, in other regions of the brain, the range of ratio values is almost identical for the two sets of data. The absence of a significant slope between the ratio values from the two tomographs probably is due to the restricted range of data, since most values cluster around 1.0. One patient with dementia of the Alzheimer type fell outside the clus ter in the left temporal ( Fig. 3) and right parietal data, accounting for the significant regressions in these ratios.
Other ratios, such as ratios of one region to an other or ratios of small regions to global metabo lism, might not be as comparable. For example, Mazziotta and colleagues (1987) found that ratios of caudate to whole brain metabolism were 14% lower J Cereb Blood Flow Metab. Vol. ll, Suppl. I, 1991
in a group of patients studied with an ECAT II than in a group scanned using the NeuroECAT, and ad justed the ECAT ratios accordingly. In addition, the comparability of any metabolic measure between two cameras might depend to some extent on the method of ROI analysis (see above). Therefore, each measure, absolute rate or normalized, would have to be considered separately to determine its suitability for comparison.
In addition to the issue of longitudinal compari sons within a laboratory, the data presented here also illustrate the difficulty in directly comparing metabolic rates obtained from different laborato ries, in which the scanning procedures, as well as the positron tomograph used, are often different. Metabolic rates for gray matter in healthy subjects reported in the literature range from 5 mg 100 g -1 min -1 (Duara et aI., 1984) to over 7 mg 100 g -1 min -1 (J agust et aI., 1985; Brooks et aI., 1987) , and the values reported here of 5.5 (ECAT II) and 8.5 mg 100 g -1 min -1 (PC 1024) represent a still greater range. If a difference of 3 mg 100 g -1 min -1 (or more) can be obtained on the same subjects with the same injection using different tomographs, then ap parent differences in metabolic rates reported by different groups should be interpreted with caution.
